We explore the possibility of explaining a gamma-ray excess in the Galactic center, originally pointed out by Hooper, collaborators, and other groups, in an effective field theory framework.
I. INTRODUCTION
The gamma-ray flux from the Galactic center region contains an excess, at energies in the 1-10 GeV range, over standard choices for the astrophysical background, as noted in 2009 by Goodenough and Hooper [1] , reiterated in 2010 by the same authors [2] , then in 2011 by Hooper and Linden [3] , and recently again by Hooper and collaborators [4] and by other groups [5] [6] [7] . The excess has been tentatively associated with the pair-annihilation of a weakly-interacting massive particle (WIMP) in the inner Galaxy. For natural reasons, we indicate the tentative dark matter (DM) particle whose annihilation would produce said excess as the "Hooperon". If, indeed, astrophysical backgrounds cannot reproduce the observed excess, such a discovery would be an exciting breakthrough in the ongoing attempt to understand the nature of dark matter (DM) in the universe. Pinpointing the implications of this scenario for particle physics model building might be perhaps premature, but could eventually become an exercise of the utmost importance to shed light on physics beyond the Standard Model (SM).
Generally, to learn something about the implications of a DM model one requires a complete understanding of its interactions with SM particles. In some cases, however, it is possible to model such interactions using a relatively small number of possible operators, so long as the force-mediating particles are much heavier than the DM particles, and can thus be effectively integrated out. The effective field theory (EFT) framework necessary to perform such an analysis has been thoroughly explored in the literature (see e.g. [8] [9] [10] ).
Here, we apply EFT techniques to model a DM "Hooperon" particle that could produce the observed Galactic center excess while being consistent with collider searches, direct DM searches, and producing an acceptable universal DM density in the early universe. Indirect detection bounds are also relevant and are on the verge of probing the excess discussed here [11, 12] .
The present study is organized as follows: In the next section, we succinctly review the EFT framework; In Sec. III we summarize current constraints on the relevant EFT operators from direct detection, relic density considerations, and collider searches; In Sec. IV we calculate the required interaction strengths to reproduce annihilation cross sections consistent with the Galactic center excess, and compare those values with current bounds; Finally, we conclude in Sec. V.
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II. MODEL INDEPENDENT DARK MATTER INTERACTIONS
Under the assumption that the particles mediating interactions of DM with SM fields are very heavy, those fields can be naturally integrated out of the theory, leaving as their only low-energy counterpart a set of contact operators which parametrize the interactions of DM with the SM. If we consider only those operators which are least suppressed (of dimension less than or equal to 7) by the heavy mass scale we get a manageable number of candidate interaction terms. This interaction basis very naturally interfaces with results from direct detection experiments, where any new physics even marginally heavier than the DM is too heavy to see directly due to the small kinetic energies involved in DM scattering.
Extrapolating the same operators to the energy scale of collisions at the LHC is somewhat less solid ground, but it still gives models which can be successfully searched for. If we find that LHC bounds rule out a specific operator that otherwise would explain the Galactic center excess then we can conclude that, in order for that particular explanation to be valid, the heavy-mediator approximation must break down [13] .
The possible interactions we consider are listed in table I. Note that motivated by the observed spectral features of the Galactic center gamma-ray excess, we consider only couplings to hadronic particles, and assume there is no coupling of DM to leptons or directly to electroweak bosons. We adopt the operator naming convention of Ref. [9] . This list of operators is a complete basis of all interactions of DM with hadronic matter within the heavy-mediator limit. Leaving that limit has been explored in detail as well, but involves more assumptions about the DM model [13] . Each operator is preceded by an assumed Wilson coefficient. The coefficients for operators D1-4 and C1 and 2 scale with the quark mass in recognition of their violation of SM chiral symmetries; this can be considered as a Higgs field which has been set to its vacuum expectation value. Operators D5-8 and C3 and 4 do not violate chirality, and so do not carry any mass scaling. The tensor operators, D9 and D10 as written, connect to the angular momentum of the nucleon due to quarks.
While they do violate SM chirality, we do not scale them by quark masses to make contact with the hadronic spin variables. The Wilson coefficients for D11-14 and C5 and 6 include a factor of the strong fine structure constant to account for the expectation that they are loop-induced. All of these Wilson coefficients are the usual choices within the literature on effective theory treatments of DM [8, 9] (a) Operators for Dirac fermion DM Name Operator Dimension SI/SD The column to the right indicates whether the primary direct detection signal due to that operator is spin-independent (SI), spin-dependent (SD), or strongly suppressed (N/A).
III. CONSTRAINTS ON EFFECTIVE DM MODELS
The most stringent and uncontroversial probes of the interactions mediated by the operators listed in the previous section are direct detection experiments. In particular, spinindependent direct detection searches give strong bounds on operators which can mediate such interactions, and in fact completely rule out the parameter space of interest for all the operators which lead to unsuppressed scattering of that type. The bounds from direct detection on all of the relevant operators require suppression scales at least in the multi-TeV range, far beyond the region of interest to explain the gamma-ray excess. We therefore drop these operators as potential explanations of the Galactic center gamma ray excess, since they are far too strongly constrained to contribute in any meaningful way. Spin-dependent 4 direct detection bounds the operators D8 and D9, but we will find that other considerations disfavor these interactions as possible explanations of the Galactic center signal.
The main other class of constraints on the effective interactions we consider here comes from collider searches. Generically, at colliders one looks for a SM particle radiated off of the initial state quarks, which then annihilate through the given operator into a DM pair which escapes the detector, and whose presence can only be inferred from the missing transverse momentum in a given event. Searches using many different SM final states have been performed [14] [15] [16] . We have selected here the most stringent constraint on each operator.
In some cases, stronger bounds are available if the relative sign between the couplings to up-and down-type quarks is allowed to change. This is notably the case for searches for W bosons and missing energy. In these cases we present multiple curves, one for same-sign and one for opposite-sign couplings.
Collider bounds are largely insensitive to the presence or absence of γ 5 factors in the bilinears of quarks or DM particles. This is because all particles in the collider have large velocities, and thus are in definite helicity states, so that there can be no interference between left-and right-handed particles, unlike the case of small velocities of relevance for both annihilations and direct detection scattering events. Thus, we will present a single collider curve for each class of operators. These bounds are included in figures 1 and 2. While the loop-induced mixing of operators D1-4 into D11-14 can give a strong enhancement to the collider bounds on the former [17] , we conservatively present only the tree-level result here.
Finally, we also show in figures 1 and 2 the line in parameter space which corresponds to a relic DM density compatible with observation, under the assumption that no other operator besides the one under consideration is appreciably contributing to the annihilation rate.
The usual interpretation of such a curve in more complete models is that annihilation must be at least efficient enough to keep from predicting too large a relic density, because the model would then be excluded by precise measurements of the energy density of matter in the universe [18] . However, in the present case the situation is slightly different: It is always possible to enhance the annihilation cross section by turning on another operator, and therefore to dilute the DM relic density to be the correct value, without spoiling the results we find (in other words: invoking an operator that does not contribute to the lowvelocity annihilation processes but that does contribute to annihilation in the early universe).
For instance, if we consider the operator D2 as an interesting possible explanation of the Galactic center excess, but its s-wave annihilations are not sufficient to dilute the DM relic density sufficiently, we can consider an admixture of D2 and D3, where the purely p-wave annihilations given by D3 help increase the effective annihilation rate in the early universe without changing the rate we observe today. This could be simply achieved in a one-particle UV-completion of the model by having a spin-0 mediator which couples as a pseduoscalar to DM but with more involved chiral couplings to the quarks. Likewise the operators D1, D6, D11, D13, C3, and C4 also give purely p-wave suppressed annihilations, and could be used to reduce the relic abundance of DM without affecting its current annihilation signals.
So long as we remain within a standard thermal history of the universe, nothing can instead be done to increase the DM relic density if our preferred model predicts too little.
While we might attempt to resolve this issue by appealing to an additional component of the DM energy density not responsible for the gamma ray excess, it is actually impossible to match the excess at all with a model which predicts a too-small relic density. If we were to imagine that the annihilation cross section is simply larger by the needed factor to overcome the reduced abundance, we would reduce the abundance further (the annihilation rate scales with the thermally averaged pair-annihilation cross section times velocity in the same way as the density: ρ DM ∼ σv −1 and Γ ann ∼ ρ 2 DM σv ∼ σv −1 ). Iteratively trying to correct for the decreasing abundance will force the model to stronger and stronger interactions, eventually predicting effectively zero abundance of the would-be DM candidate. Thus, we will only be interested in points in parameter space where the interaction is too weak to give the correct relic density or ideal, and we consider interactions stronger than those needed to give the relic density to be ruled out as possible explanations of this signal.
IV. EXPLAINING THE GALACTIC CENTER EXCESS
The coupling structures that we consider with these effective operators have been characterized as either "democratic" or "mass-coupled" in [4] , and the annihilation cross section into quarks preferred as a function of mass is given therein for each of these scenarios. We calculate the suppression scale which gives the required annihilation cross section for each operator under consideration, and show the resulting regions in figures 1 and 2. Naïvely we expect that operators D2-4 and C2 give rise to the "mass-coupled" pattern of final state particles and D6-10 and C4 to the "democratic" scenario, but it is worth noting that an-6 nihilations through D8 and D9 are actually helicity-suppressed, and thus also give rise to a "mass-coupled" pattern of branching fractions as well, despite having no quark mass in their actual couplings. We are also considering operators which allow DM to annihilate to gluon pairs rather than quark pairs. Gluons are known to give gamma-ray spectra which are nearly identical to those from charm quarks [19] , so we extract the cross-sections and masses which are preferred for charm final states from [4] and apply those criteria to the operators D12-14 and C6.
The results for scalar-type couplings of fermionic DM are shown in figure 1(a) . In the figure, the regions below the black horizontal lines are ruled out by LHC searches. The LHC bound shown in this plot is from a hadronic W or Z boson and missing energy search at ATLAS [16] . The dashed lines indicate the points with the correct thermal relic density.
As explained above, regions below these dashed lines are ruled out (under the assumption of absence of non-thermal production of DM). We have not plotted results for D1, which is strongly constrained by direct detection, but we have plotted the results for all other operators of this class.
The operators D2 and D4 give identical favored regions to explain the Galactic center anomaly, and those regions are not constrained by LHC searches or by the requirement that the relic density possibly be satisfied. Note, however, that one-loop effects, if taken in to account, will cause the LHC bounds to be more similar to those on gluonic operators [17] , which could potentially rule out the regions of interest.
The operator D3 requires extremely low suppression scales (at a scale of about 6 to 7
GeV) to explain the Galactic center signal because annihilations through this operator are p-wave suppressed, and thus falls far below the region plotted here. This places the favored region in very strong tension with LHC limits and with the relic density requirement.
Vector-type couplings of fermionic DM are presented in figure 1(b) . There are two LHC bounds drawn on this space, depending on the relative sign between the coupling to uptype and down-type quarks. If that sign is negative then the higher, dashed curve describes the current bound. It is made stronger because the opposite sign leads to constructive interference in the process of emitting a W boson and DM pair, and this bound is from the hadronic W or Z search at ATLAS [16] . The second bound, drawn as a solid line, is from a monojet search at CMS [15] , and is insensitive to the relative sign in couplings to different types of quarks. We see, again, that p-wave annihilating operators, notably D6 which would require a suppression scale of about 30 GeV, are unable to explain the gamma-ray excess. Also we note that D8, while not fully p-wave suppressed, has a helicity-suppressed s-wave annihilation, and thus also underpredicts the relic abundance in the region where the present-day annihilation 8 cross section matches the observed excess. D7 gives an unsuppressed annihilation rate in the late universe, and thus is not in tension with the requirements of a correct relic density. LHC bounds also disfavor D6 and D8 as explanations of the gamma ray excess in the absence of a light mediating particle. D7 is either allowed or excluded by LHC searches, depending on whether the DM interacts with equal or opposite couplings to up-and down-type quarks. If the new physics is isospin-blind, then D7 is permitted by all current bounds as an explanation of this signal.
Tensor-type couplings are considered in figure 1(c) . The collider bounds on this coupling are particularly strong, and are again derived from the ATLAS mono-boson search [16] .
Both of the regions favored by the Galactic center signal, as well as the couplings required for the correct relic density, are comfortably excluded by the LHC result. The D10 operator is allowed by the relic density constraint, indicating that if the heavy-mediator limit is not satisfied that operator could possibly explain the gamma rays from the Galactic center, while the operator D9 is excluded by the relic density considerations as well.
Couplings of fermionic DM to gluons are shown in figure 1(d) . D13, which is not pictured here, leads to purely p-wave annihilations and therefore requires a very low effective scale of about 12 GeV, firmly excluded by the LHC bounds. Both of the remaining operators give very similar regions of interest for the purposes of explaining the Galactic center data, and neither conflicts with relic density calculations, but they are ruled out by the LHC bounds on gluonic interactions of DM.
Scalar DM candidates are investigated in figure 2. There are three operators which are not firmly excluded by spin-independent direct detection: C2, C4, and C6. The parameter space for C2 is shown in figure 2(a) , which includes an LHC search bound from mono-boson at ATLAS [16] . The C2 "signal region" that explains the Galactic center gamma-rau excess is beyond the reach of LHC searches and is allowed by relic density considerations as well.
The operator C4, which is not pictured, gives p-wave suppressed annihilations and requires a suppression scale of about 20 GeV, to be compared with LHC and other bounds at the order of hundreds of GeV. Finally, C6 is considered in figure 2(b) . THis operator lies above the correct relic density curve, as required for a successful possible explanation of the Galactic center excess. There has been no LHC search for gluonic couplings of scalar DM candidates, but previous estimates of the most optimistic LHC reach at 14 TeV center of mass energy and 100 fb − 1 for this operator found suppression scales of order 500 GeV [9] , so it is safe to assume that this region is not yet in tension with LHC data.
V. CONCLUSIONS AND OUTLOOK
We investigated the possibility that the Galactic center excess in gamma rays could be explained by annihilation of a DM particle whose interactions with the SM are described by higher-dimensional effective operators. We explored a complete operator basis of all interactions of DM with hadronic matter within the heavy-mediator limit, for both scalar and fermionic (Dirac) DM. We found that there is a set of phenomenologically viable operators capable of producing the right pair-annihilation cross section today to explain the gammaray excess. For a scalar DM two options are viable: a scalar-type coupling to quarks, C2, and an operator with gluonic couplings, C6, while for Dirac DM the scalar-type operators D2
and D4 are most promising. Only one vector-type operator, D7, can explain consistently the gamma-ray excess, and only if its couplings are isospin-blind. If the couplings are opposite to up-and down-type quarks the LHC has imposed strict bounds on this operator as well.
Ongoing work on LHC DM searches will continue to improve LHC bounds on effective theories of DM, and ongoing work in understanding the direct detection signatures due to operators which lead to suppressed scattering [20] will help to shed light on the future detectability of the relevant effective operators with increasingly sensitive direct detection experiments. The effective Hooperon is a viable and testable scenario.
